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A NETWORK NEUROSCIENCE OF HUMAN LEARNING:











Scholz et al. 2009
White or gray 
matter changes
Kahn et al. 2009
White matter 
architecture
Functional signatures of learning
Danielle S. Bassett
Dayan & Cohen, 2011
Activity changes
Functional or effective 
connectivity changes
MoNET Lab
Scaling beyond 2-3 connections
Danielle S. Bassett
Cognitive processes (including learning) often require varied 
computations performed by many different regions, and they also 
often elicit activity in spatially distributed circuits.
Giusti et al. 2016 J Comp Neuro; Sizemore et al. 2016 J Complex Nets; Sizemore et al. 2017 arXiv:1608.03520 
Danielle S. Bassett
Structural network substrates supporting learning
• Kahn et al. 2016 Cerebral Cortex
Structural network substrates supporting other 
cognitive processes necessary for learning
• Gu et al. 2015 Nat Coms; Betzel et al. 2016 Sci Rep; 
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Functional network substrates supporting learning
A network focus on learning
Danielle S. Bassett




Substrates for adaptation & learning
Are functional brain networks modular?
Does modularity help us to understand large-scale neural 




Network nodes: large-scale regions defined by anatomical boundaries.
Network edges: Coherence between wavelet coefficients; decomposition 
extracting 0.06-0.12 Hz information from BOLD time series collected during 
task performance.
Cross-spectral density 
between x and y
Autospectral density of 
x or y
Modularity in functional brain networks
Danielle S. Bassett
Nelson et al. 
Neuron 2010
In a single time window, the 
network of interactions between 
brain regions displays community 
structure.
Modularity maximization.









How do functional brain networks support dynamic
cognitive processes like adaptation and learning?
Dynamic Networks in the Brain
Danielle S. Bassett
Bassett et al. PNAS 2011
How do brain communication patterns change over time?






• Turns an adjacency matrix into an adjacency tensor.
• Allows us to inform solutions in one layer with solutions in 
neighboring layers.
Bassett et al. 2013 Chaos
Community Structure in Multilayer Networks
Danielle S. Bassett.
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Flexibility: fraction of times that nodes change modules.
Promiscuity: number of modules nodes change among.
Cohesiveness: measures the degree to which nodes change in concert 
with one another, moving as a group versus as independent units.
Bassett et al. 2011 PNAS; Papadopoulos et al. 2016 Phys Rev E; Telesford et al. 2016 In Revision
Network dynamics supporting learning, memory, 
and cognitive flexibility
Flexibility in network modules is often observed in fronto-parietal cognitive 
control areas and predicts individual differences in:
• Visuo-motor learning (Bassett et al. 2011 PNAS; Bassett et al. 2015 Nature Neuroscience)
• Cognitive flexibility (Braun et al. 2015 PNAS)
• Working memory (Braun et al. 2015 PNAS)















0 weeks 2 weeks 4 weeks 6 weeks
Flexible disconnection of cognitive control
Danielle S. Bassett
• The rest of the brain becomes less 
and less connected.
Bassett et al. 2015 Nature Neuroscience
This fronto-cingulate network 
houses critical hubs of 
cognitive control.
Chrysikou et al. Neuropsychologia 2013.
Thompson-Schill et al. Curr. Dir. Psychol. Sci. 2009.
Galea et al. J Cogn Neurosci 2010.
To what degree is flexibility a state or a trait?
Can we intervene with lifestyle changes or drugs to alter 
flexibility?
Would such interventions enhance learning?
A Positive Mood, a Flexible Brain
Danielle S. Bassett
Betzel et al. 2016, In 





Medicine for a Flexible Brain
Danielle S. Bassett
41 Controls undergoing 
pharmacological challenge with an N-
Methyl-D-Aspartate (NMDA) receptor 
antagonist: Dextromethorphan.
Braun et al. 2016, 
PNAS
Urs Braun
We can give people medicine 
to increase brain flexibility.

















Siebenhuhner et al. 2013 
PLoS One;
Braun et al. 2016 PNAS
Healthy, High Functioning 
Adult
Bassett et al. 2011 PNAS; 
Braun et al. 2015 PNAS;
Bassett et al. 2015 Nat Neurosci
Children










1. Neuro: Understanding the role 
of different neurotransmitters
2. Real-world: Studying 
classroom learning
3. Math: Using more 
sophisticated methods
3. Math: Using more sophisticated methods














Temporal space of brain graphs is composed of subgraphs
Clustering dynamic functional connectivity
Connectivity matrix
(C x T) 
Expression coefficients
(k x T) 
Subgraph matrix






Chai et al. 2016 Network Neuroscience
Khambhati et al. 2017 Eneuro, In Press
31
Subgraphs reveal topological modes
System-level interactions during resting state
Chai et al. (2016) In Press: Network Neuroscience
Danielle S. Bassett
Evolution of Brain Network Dynamics in 
Neurodevelopment
Chai et al. 2016 Network Neuroscience




showed highest energy and 
entropy over youth ages 8 to 22.
Its expression was greater in 
older youth, as was its 
transience in expression. 
Greater transience was 
associated with greater overall 
task accuracy on a cognitive 
battery (n=780).
What does NMF buy us in studying learning?
Danielle S. Bassett
Khambhati, Mattar, Bassett (2017)
http://biorxiv.org/content/early/2017/01/02/097691
What are those non-module subgraphs? 
Are modules not the canonical forms supporting adaptation 
and learning?
If not, what are the canonical forms?
Danielle S. Bassett
Betzel et al. 2017
arXiv:1702.02807
Are modules the canonical form of brain structure 
and function?
Modular Bipartite Core-Periphery All of the above
Weighted stochastic block models
Danielle S. Bassett
Betzel et al. 2017
arXiv:1702.02807
3. Math: Using more sophisticated methods
1. Non-negative matrix factorization
2. Weighted stochastic block models
Where to next … bridging to models of behavior
Danielle S. Bassett
Bassett & Mattar, 
TICS, In Press.
Behavior: Existing models … New models
Danielle S. Bassett
Reinforcement learning 
models of behavior 
Multivariate graphical 
models of behavior 











1. Reinforcement learning 
models
2. Multivariate graphical 
models
Danielle S. Bassett
Bassett & Mattar, 
TICS, In Press.
A Network Neuroscience of Human Learning:





Raquel Gur Ruben Gur Tyler Moore David Roalf
The group: Andrew Murphy, Ankit Khambhati, Ari Kahn, Arian Ashourvan, Azeez
Adebimpe, Chad Giusti, Cedric Xia, Elena Wu-Yan, Elisabeth Karuza, Evelyn Tang, 
Graham Braum, Jason Kim, John Medaglia, Julia Costantini, Kanika Mohan, Lia
Papadopolous, Lucy Chai, Marcelo Mattar, Pranav Reddy, Rick Betzel, Sarah 
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What is happening in the brain during learning?
Danielle S. Bassett
…………………………………………
Session 1 Session 2 Session 3
75 networks
Bassett et al. 2011 PNAS























Exponential drop-off parameter of 
movement time versus trial bin
 What is happening in the brain during learning?
Nicholas Wymbs Scott Grafton
Bassett et al. 2011 PNAS
Mantzaris et al. 2013 J Compl Nets







Bassett et al. 2011 PNAS
People with higher flexibility on one 
day will learn better on the following 
day than people with lower flexibility.
Prediction 1->2
Global Results | Regional Results
Regional flexibility is critical in 






(C x T) 
Coefficients matrix
(k x T) 
Subgraph matrix





• Non-deterministic algorithm (integrate over multiple runs)
• Alternating non-negative least squares regression (W H, HW)
• Parameter optimization: k, η, β
• W and H form a set of basis set of subgraphs and weights 
Lee and Seung (1999) 
Nature
Kim and Park (2007) 
